Biological phosphorus removal was studied in a sequencing batch reactor (SBR). The results showed that nitrite could be used as electron acceptor in denitrifying phosphorus removal. Feed mode of nitrite had significant influence on denitrifying phosphorus removal. Anoxic phosphorus assimilation rate could reach 10.44 mgP/gSS.h and the percentage of anoxic phosphorus assimilation amount was more than 97% with continuous feed mode. Granular sludge with denitrifying phosphorus removal activity was found in the SBR. The effects of different operational conditions, such as COD loading, settling time, HRT etc., on the formation of granules were also studied.
Introduction
In the early studies of biological nutrient removal processes, it was assumed that phosphorus accumulating organisms (PAOs) could not use nitrate as an electron acceptor and could only grow and accumulate phosphate under aerobic conditions (Barker and Dold, 1996; Beun et al., 1999) . Recent studies showed that at least a fraction of the PAOs can accumulate phosphate under anoxic conditions (Keren-Jespersen and Henze, 1993; Mino et al., 1998) . When the PAOs use nitrate as an oxidising agent, denitrification and phosphorus uptake are achieved simultaneously. This means that the organic matter taken up by the PAOs is used both for denitrification and for uptake of phosphorus. This is an advantage when there is only a limited amount of organic matter in the wastewater. This "double use" of wastewater organic matters will also result in reduced sludge production, and the use of nitrate rather than oxygen as electron acceptor will reduce aeration demand (Copp and Dold, 1998) .
Partial nitrification to nitrite was reported to be technically feasible and economically favourable, especially when wastewaters with high ammonium concentration or low C/N ratios were treated. Thus, nitrite of high concentration will be introduced to a biological phosphorus removal (BPR) system. It is necessary to study the effect of nitrite on BPR. Meinhold et al. (1999) conducted a series of batch experiments to examine the effect of nitrite on the sludge from an alternating type biological phosphorus removal process. They concluded that nitrite at low concentrations (up to 4 mg NO 2 2 -N=L) did not adversely affect anoxic phosphate uptake. On the other hand, after exposure to high nitrite concentration (. 8 mg NO 2 2 -N=L), anoxic phosphate uptake was totally inhibited. However, Meinhold et al. also reported the critical nitrite concentration above which severe nitrite inhibitions of phosphate uptake occurrence had been dependent on sludge conditions. Seung-Yeon et al. (2002) reported that growth and phosphate uptake by Acinetobacter sp. were both inhibited by increasing nitrite concentrations, and Acinetobacter sp. were more sensitive to this compound than other wastewater heterotrophic bacteria. So, whether nitrite can be used as anoxic phosphate uptake acceptor is worth studying.
In the suspended growth P-removal system, such as sludge bulking, secondary P release in a clarifier often occurred. Recently, aerobic granules for organic carbon removal have been developed in aerobic sequencing batch reactors (SBR) (Tay et al., 2001; Moy et al., 2002) . Compared to conventional floc such as activated sludge, aerobic granular sludge has a regular, dense and strong physical structure, good settling ability, high biomass retention, and the ability to withstand shock-loading rate. Limited information is currently available on the development of P-accumulating granules.
In this paper, we reported the cultivation of PAO with nitrite at high concentrations and the formation of granules with the ability of denitrifying phosphorous removal.
Methods

SBR system
A cylindrical vessel with a 4 L working volume was used for SBR, which was operated in a fill-and-draw mode ( Figure 1 ). Firstly, the SBR was operated under sequencing anaerobic-aerobic (A/O) conditions. After confirming the steady states, an anoxic phase was gradually introduced in the middle of the anaerobic and the aerobic phase. The SBR was then operated under sequencing anaerobic-anoxic-aerobic (A 1 /A 2 /O).
Analytical methods
Sludge samples from the SBR were immediately filtered through a 0.45 mm pore size syringe filler. COD, NH þ 4 -N, NO 2 2 -N, PO 32 4 -P were determined according to the standard methods issued by the Environmental Protection Agency (EPA) of China (1989) .
Results and discussion
Batch experiment
The activated sludge for this test came from an A/O lab-scale treatment system treating municipal wastewater in which PAOs had already accumulated. NaNO 2 (NO 2 2 -N: 50 mg/L) was added into the vessel immediately after 2 h anaerobic time. Figure 2 shows the changes in concentrations of PO 32 4 -P and NO 2 2 -N. From Figure 2 , we can see that phosphate uptake was inhibited completely after a nitrite addition of 50 mg NO 2 2 -N=L. The rate of nitrite consumption reduced (5.8 mg N/ gSS.h), at the same time, a slow release of phosphate took place. This phosphate release could be explained from two points, one was mainly associated with the storage of organic substrate arising from the hydrolysis of slow biodegradable organic substrate, the other was that endogenous effects might also contribute to this phosphate release. In this experiment, the PAOs never experienced nitrite, were abruptly exposed to nitrite and phosphate uptake actions were strongly inhibited. We supposed that the nitrite inhibition on the phosphate uptake was dependent on the extent of sludge adaptation to nitrite. Perhaps sludge could overcome inhibition of nitrite after adaptation. PAOs were cultivated with nitrite as electron accepter by two ways, continuous feed mode and impulse feed mode.
Cultivation of PAOs with nitrite as electron accepter
Continuous feed mode. It seemed that nitrite at high concentration inhibited PAO S (Seung-Yeon et al., 2002) , so continuous feed mode was firstly investigated. Nitrite was added at a constant volume flux of 190 mL/h throughout the anoxic phase. The SBR operated under sequencing anaerobic-anoxic-aerobic (AAO) conditions. The operational procedures of the SBR are given in Table 1 .
The reactor showed good performances during the whole experiment period. release changes to uptake when nitrite was added. Phosphorous levels decreased from 80 to 30 mg/L. Table 2 presents the maximum anoxic phosphorous assimilation rate and the ratio of anoxic phosphorous assimilation amount during cultivation. The maximum anoxic phosphorous assimilation rates were calculated on the basis of the first inclination of the curves. Table 2 shows that cultivated PAOs could utilise NO 2 2 as electron acceptor to fulfill the course of uptake phosphate. Moreover, the uptake ability strengthened gradually, the maximum phosphate uptake rate reached 10.44 mg P/gSS.h and the ratio of anoxic phosphorus assimilation amount reached 97.26% on the 23rd day.
Impulse feed mode. In this experiment, 30 mg/L NO 2 2 -N was added into SBR at the starting point of anoxic phase. On the first day, anoxic phosphate uptake was very weak due to inhibition of high concentration of nitrite, but after 5 days induction, the anoxic phosphate uptake ability increased. The maximum rate of anoxic phosphate uptake reached 6.36 mg P/gSS.h, the ratio of anoxic phosphorus assimilation amount was 78.9%. Changes in concentrations of PO 32 4 -P and NO 2 2 -N on the first and fifth day of adopting impulse feed mode are shown in Figures 4 and 5 , respectively.
In the following 30 days, the efficiency of anoxic phosphate uptake did not improve. The results of this experiment show that phosphorus removal stability and efficiency of the impulse feed mode was not as effective as the continuous feed mode.
Granular sludge with denitrification phosphorous removal activity
Granular sludge formation. Variation of sludge characteristics during sludge granulating is shown in Figure 6 . According to Figure 6 divided into three phases, small floc (phase I), large floc (phase II) and granules sludge (phase III). In phase I, the sludge biomass decreased slightly due to a sludge increase rate lower than sludge discharging rate. SVI (sludge volume index) of sludge fluctuated between 90 and 160 mL/g. The size of sludge was smaller than 50 mm. In phase II, the sludge tended to be stable. Suspended solids (SS) concentration in the reactor was approximately 3,000 mg/L, however, the sludge SVI decreased from 86.3 to 40 mL/g. The sludge increased further, but the shape of sludge was not regulation and the surface of the sludge was uneven. The size of the sludge increased. In phase III, the good granular sludge was finally formed by enhancing COD loading further, altering mixing rate and shortening settling time.
Characteristics of the granular sludge. At the end of phase III the best sludge granules formed. Scan electron microscopic images of granular sludge are shown in Figure 7 . The shape of the granules was nearly spherical with a very clear outline. The average diameter was 315 mm, which was smaller than the reported diameter of granules from both denitrification and acid fermentation USB reactors of 1-3 mm (Lettinga et al., 1980) . This was due to the fact that Poly-P accumulated in the cells was of a higher density than a typical bacteria cell (Lin et al., 2003) , and the short SRT (solid retention time) prevented the development of high diameter granules. The granular sludge had a good settleability, the sludge SVI stabilised between 25 and 40 mL/g, settling and separation of the sludge from the liquid were very good, and the granular sludge had a high activity. COD removal loading could reach 1.5 kg COD/m 3 d; nitrogen and phosphorus removal efficiency were more than 90%, respectively.
Conclusion
Results of the experiment showed that the extent of the inhibition on the phosphate uptake was dependent on the extent of sludge adaptation. PAOs that were never exposed to nitrite were severely inhibited by 50 mg/L of nitrite nitrogen. After 34 days adaptation, enriched PAOs could uptake phosphorus and denitrify simultaneously under anoxic conditions in the presence of 50 mg/L NO 2 2 -N. The feed mode of nitrite had a significant influence on denitrifying phosphate removal. The anoxic phosphorus assimilation rate could be reached, 10.44 mg PO 3 4 -P=gss:h, after 23 d with the continous feed mode. Sludge granular with denitrifying phosphorus removal activity was found in an SBR, which had good activities. Comparing with denitrification and acid fermentation granular sludge, this granular sludge had a smaller diameter. 
